Abstract Graded anodes for anode-supported solid oxide fuel cells (SOFCs) are fabricated by tape casting and subsequent cold lamination of plates using different compositions. Rheological parameters are adjusted to obtain stable suspensions for tape casting. The conditions for the tape casting and lamination will be described. Flexural strength of the reduced cermets measured using three-point bending configuration is 468±37 MPa. The graded anode supports are characterized by scanning electron microscope observations, mercury porosimetry intrusion, and resistivity measurements, showing an adequate and homogeneous distribution of nickel, zirconia, and pores. The laminated samples showed a total porosity of 18.7 % (in vol%) and a bimodal pore size distribution centered in 20 and 150 nm, and the measured electrical resistivity of this sample was 120±12 μΩ cm. The novelty of the present work is the lamination of tapes at room temperature without using plasticizers. This is made by the combination of two different binders with varying T g (glass transition temperature) which resulted in plastic deformation at room temperature. Those results indicate that the proposed process is a costeffective method to fabricate anode-supported SOFCs.
Introduction
Solid oxide fuel cells (SOFCs) are attractive devices for clean energy generation as they can produce electricity from a large variety of fuels and also present low environmental impact and high efficiencies [1, 2] . State-of-the-art SOFC materials are typically an yttria-stabilized zirconia (YSZ) electrolyte, a Ni-YSZ anode, and a lanthanum strontium manganite (LSM)-YSZ cathode, although a large number of materials can be used [3, 4] . When a SOFC operates in the reverse mode, these devices are capable to produce hydrogen from steam and electrolysis of CO 2 . Coelectrolysis of steam and CO 2 is also feasible [5] .
Tape casting is a cost-effective technique for producing thin, flat, and large area ceramic tapes [6, 7] . However, it has some drawbacks such as limited strength and low dimensional stability due to its intrinsic properties of forming mechanism. In order to resolve this problem, laminating and co-firing of green tapes have been proposed as additional processes in the recent years [8] [9] [10] [11] . Savignat et al. [8] optimized the conditions to obtain dense samples with a suitable thickness and a good flatness of apatite electrolytes and Ni/apatite-type electrodes by tape casting and lamination. Moon et al. [9] also developed anode-supported thin electrolytes by tape casting and co-firing, which could be cost-effective for mass production of SOFC single cells. They developed this technique for manufacturing excellent anode-supported thin electrolytes via tape casting, laminating the green tapes, isostatic-pressing, burning out of the binder, and then co-firing. Their cells showed excellent electrical and electrochemical at intermediate temperatures (550 mWcm −2 at 700°C). In addition, Park et al. [10] optimized the flatness of the anode-supported electrolyte by controlling the firing schedule, the lamination method, and the applied load during firing. Finally, Li et al. [11] fabricated NiO-YSZ and NiO-SDC anode-supported SDC film electrolytes by laminating 24 sheets of anode and one sheet of electrolyte and co-firing, obtaining a maximum power density for the anode-supported SDC electrolyte single cell of 93 mW cm −2 at 800°C using hydrogen as fuel.
In order to fabricate anode supports with graded composition and porosity, several approaches have been widely discussed in the literature. For example, subsequent layers varying the NiO:YSZ ratio will lead to a gradient on Ni metallic particles and pores after NiO to Ni reduction and, as a consequence, varying the triple-phase boundary (TPB) length. Another approach to control the porosity, in particular for the lamination process, will be the variation of the thickness reduction when laminating the layers. Third approach will be the addition of pore formers such as starch, graphite, or poly(methyl methacrylate) (PMMA) particles in order to increase the porosity specially in the further region of the electrolyte.
However, the literature about tape casting and lamination fabrication process is still reduced. For this reason, the objective of the present study is the fabrication of graded NiO-YSZ anodes by tape casting and cold lamination. Control of the porosity will be performed varying the composition of the NiO content from 50 to 70 % in volume and also varying thickness reduction during lamination. Graded electrodes are essential for anode-supported cells. Tape casting and lamination are probably the cheapest method to produce this type of cells. The novelty of the present work is the lamination of tapes at room temperature without using plasticizers. This is made by the combination of two different binders with varying T g (glass transition temperature) which resulted in plastic deformation at room temperature. The absence of plasticizers will simplify the process on an industrial scale application by reducing both costs and environmental issues. For this purpose, optimization of the ceramic suspensions for tape casting will be performed. In addition, the conditions for cold lamination and sintering parameters will be adjusted. Characterization of the samples will be performed by SEM microscopy analysis; the study of the mechanical properties will be analyzed by flexural strength. Finally, pore distribution will be studied by Hg porosimetry, and electrical DC resistivity measurements will be also performed.
Materials and Methods
As the starting powders for the anode precursors, we have employed 8YSZ (8 mol% yttria-stabilized zirconia, TZ-8YSZ, Tosho, Japan) with a mean particle size of 0.52 μm, and NiO (Alfa Aesar GmbH & Co. KG, Germany) with a mean particle size of less than 44 μm. A silicon-based wetting agent was also used (BYK-348, BYK-Chemie GmbH, Germany). Finally, a mineral oil and silicon-based defoamer (BYK-35, BYK-Chemie GmbH, Germany) were also occasionally employed to eliminate bubbles. NiO powders were previously milled in an attrition mill for 30 min using 2-propanol as solvent in order to obtain a mean particle size of 1.2 μm. Particle size of the powders was determined using dynamic light scattering (DSL) (Malvern Instruments Ltd., UK).
In order to determine the appropriate amount of dispersant, a set of suspensions of different powder concentrations were prepared and characterized by their zeta potential using a ZSizer nano ZS (Malvern Instruments Ltd., UK). In addition, rheological measurements were performed using a rotational rheometer using the Rheowin software (Haake Mars, Thermo Scientific, Germany). For this purpose, a set of suspensions with narrow range of proportions of powders and concentrations of dispersant, according to the information provided by the zeta potential, were analyzed. The measurements were performed operating in control rate (CR) mode at 20°C, and the conditions were from 0 to 1,000 s −1 in 150 s, maintaining at this rate for 30 s and coming back to 0 s −1 using the same rate. All the slurries were prepared by adding the powders into deionized water using the required amount of dispersant under constant mechanical stirring. After stabilization, the slurries were exposed to ultrasonic milling for 10 min and then ballmilled during 2 h at 150 rpm. Binders and wetting agent were finally added, and the mixtures were magnetically stirred for 24 h. Tape casting was performed on a stationary polypropylene film using a moving tape casting device with two doctor blades. The casting parameters were adjusted to 15 mm s −1 of casting velocity and 150 μm gap between blades and the carrier film. After drying in air at room temperature conditions for 24 h, the green tapes were cut to an appropriate size and sintered at 1,400°C. Density of the sintered bodies was calculated using the Archimedes method. The anodes were finally heated up to 850°C under inert atmosphere and then reduced for 6 h using 5 %H 2 /Ar atmosphere.
Flexural strength of the reduced cermets were determined according to ASTM 1161-02c standard using a three-point assembly in an Instron 5565 test machine (Instron, USA) at a test speed of 10 μm min −1 . Graded anodes were finally fabricated by cold calendering of the green tapes. Adhesion tests were performed in order to determine the appropriate degree of compression for the calendering process. Microstructural studies were performed by field emission scanning electron microscope (FE-SEM) analysis using a Merlin FE-SEM (Carl Zeiss, Germany). We have also performed a study of the volume fraction of the different phases (nickel, YSZ, and pore) by image thresholding using DigitalMicrograph (TM) 3.10.0 (Gatan Inc., USA) software. For this purpose, three different images for each sample taken with identical magnification (×5,000) were analyzed. Particle size was calculated using the interception method and TPB length (expressed in μm −2 ) was also calculated in a similar manner as described in [12] .
Porosity of the anode layers after sintering was also measured by Hg porosimetry using a Micromeritics Autopore II 9215 porosimeter. Conductivity measurements were performed using the four-point configuration at RT using a 220 Keithley Programmable current source and a Hewlett Packard 34401A microvoltmeter.
Results and Discussion

Rheological Characterization
Previous studies in our laboratory showed that, for a 50NiO-50YSZ (in vol%) paste, the best slurry conditions for tape casting are those summarized in Table 1 [13] . In this work, it was necessary to adjust binder, dispersant, wetting agent, and defoamer amounts for two new slurry compositions: 60NiO-40YSZ and 70NiO-30YSZ (in vol%). The amount of dispersant was adjusted after studying the zeta potential. As a first approach, 0.4 % (in weight%) was selected for all compositions, as this amount gives zeta potential values between −20 and −30 mV for both NiO and YSZ, as observed in Fig. 1a . Zeta potential values around −30 mV are considered adequate for a good stabilization of the suspension [14] . Subsequently, the viscosity and rheological behavior were also studied as a function of the dispersant amount for all compositions, and the results can be observed in Fig. 1b . As relatively high viscosity values are required for an adequate tape casting process, the dispersant amount was finally adjusted to obtain the maximum viscosity of the slurry. Final compositions for the suspension fabrication of all selected compositions are summarized in Table 1 .
Tape Casting
After optimization of the ceramic pastes, tape casting was used to fabricate the green laminates following the conditions described in the "Materials and Methods". Different gaps between blades and the carrier film varying from 150 and 350 μm were used. We have finally chosen a gap 150 μm in order to get a final thickness of the laminate after sintering of about 100 μm. It is known that typical shear limits are in the range of 100 s −1 [15] . One of the important parameters to control the final thickness of the tape is the linear velocity for 150 μm gap linear velocities of 15 mm s −1 are needed. Once the laminates are produced, samples were then cut into the desired dimensions for further characterizations and finally sintered and reduced. In order to analyze the mechanical properties of the reduced cermets, flexural strength measurements were performed at RT conditions using the ASTM 1161-02c standard test method. Measurements were only performed for the sample of intermediate composition (60NiO-40YSZ). The obtained average value was 468± 37 MPa in concordance with other results found in the literature [16] [17] [18] [19] . Values over 400 MPa in ceramics are considered of very high strength and provide enough structural strength to support the SOFC membrane [20] .
Lamination
Final graded anodes are obtained by cold lamination of several plates of different compositions. Samples with NiO composition of 70 % in vol% were not further considered for the graded anodes based on previous studies, as the high NiO content in the precursor will lead to a highly porous cermet after NiO to Ni reduction, and their mechanical properties will be significantly decreased [21] . In order to obtain a porosity gradient increasing towards the electrolyte and also to increase the concentration of TPB, which is especially beneficial in the close proximity to the electrolyte, three layers (two layers of composition 50NiO-50YSZ and one layer of composition 60NiO-40YSZ) were finally calendered into one single laminate, sintered, and reduced. For the lamination, the distance between rolls was manually adjusted to the thickness of the laminates before applying the thickness reduction. Laminated samples were compressed using a degree of thickness reduction of 50, 60, and 65 % (samples 50, 60, and 65 % from thereupon), and the estimated porosity of each sample after sintering was 10, 9, and 8 %, respectively. As no significant porosity changes were obtained by varying the degree of thickness reduction, it was concluded that in order to obtain more porous samples, the addition of pore formers in the initial composition will be needed. The thickness reduction, assumed by taking the thickness of the stacked tapes and the distance between the rolls, is finally adjusted to obtain anode supports of about 400−500 μm in the green state. Additional results will be shown and discussed in the following sections.
Microstructure
In Fig. 2 , we can observe the typical microstructure, after sintering and NiO reduction to metallic nickel under hydrogen atmosphere, of laminated samples using a degree of thickness reduction of 50, 60, and 65 % (samples 50, 60, and 65 % from thereupon). Final thicknesses of the graded anodes for the 50, 60, and 65 % samples are about 470, 450, and 440 μm, respectively. The obtained values agreed with the theoretical values within a 10 % experimental error. It is noticeable that the 50 % sample showed a homogeneous distribution of pores along the thickness of the anode despite the different composition of the first layer. The degree of thickness reduction seems to be insufficient, confirmed by some defects between the layers, as noted in Fig. 2a . However, the 60 % sample showed a clear transition between the two different compositions (Fig. 2c) . However, some defects between layers were still observed. Finally, the 65 % sample (Fig. 2e) showed a good adhesion between layers, and no defects were detected. In Fig. 3b, d , and f, we can observe the typical microstructure of the anode, showing a homogeneous distribution of pores, YSZ, and Ni metallic particles for the three samples. A summary of the different values obtained by image analysis (and also by Hg porosimetry as discussed in the next section) is shown in Table 2 .
Phase fraction values for each sample are in concordance with the theoretical values. The higher porosity obtained for the 50 % sample is explained with the lower degree of thickness reduction applied. However, the difference is almost insignificant, as discussed in "Lamination". TPB length values are in good agreement with values reported by other authors (0.7-5.2 μm ) for cermets containing particles of similar sizes [12, 22, 23] .
Porosity Measurements
Study of the pore size distribution is essential to assure an appropriate fuel distribution along the graded anode. For this purpose, the three studied samples were analyzed by Hg porosimetry. Total intruded porosity for the 50, 60, and 65 % samples was 23.8, 18.6, and 18.7 % (in vol%), respectively, in concordance with the results obtained by image analysis as discussed in "Microstructure". Those values are probably to some extent lower than the desired porosity for an anodesupported cell, typically above 30 %, especially in the further region from the electrolyte. Even though the mechanical properties will be decreased in this further region, the addition of pore formers such as corn starch is suggested in order to increase the porosity, as demonstrated for tubular cells [24] and currently under study for these graded anodes for planar cells. Normalized intruded pore size distribution is also shown in Fig. 3 . The three samples present the majority of the pores centered in a diameter of 100-200 nm. In addition, samples 60 and 65 % also present additional smaller pores ranging from 15 to 40 nm, whereas these pores are not present in sample 50 %. Porosity of those small size ranges is typically associated to NiO to Ni reduction of NiO nanoparticles [25] in the range of 100 nm or less, which is about the minimum grain size detected by SEM analysis. As sample 50 % presented higher porosity (as observed in the SEM micrographs of Fig. 2 and also shown in the Hg porosimetry experiments of Fig. 3 ), NiO particle size could grow, especially during sintering and most unlikely during NiO reduction, due to the Otwsaldripening mechanism [26] .
Resistivity Measurements
RT resistivity measurements were performed for the three samples using the dc four-point technique. In these experiments, a current of 100 mA flows along the growth direction. The observed resistivity (mean value ± standard deviation) are 126±13 μΩ cm for the 50 % sample, 116±12 μΩ cm for the 60 % sample, and 120±12 μΩ cm for the 65 % sample. For reference, the bulk resistivity of the corresponding metallic nickel is 6.84 μΩ cm [27] . In addition, it is also remarkable that the measured resistivity values in Ni-YSZ are lower than in other well-conducting Ni-YSZ cermets reported in the literature of similar Ni content: 256 μΩ cm [28] or 833 μΩ cm [29] and also even lower than a lamellar eutectic Ni-YSZ cermet with well-aligned microstructure: 172 μΩ cm [30] . Those values will assure an optimal current collection along the support of the fuel cell.
Conclusions
Graded Ni-YSZ cermets were successfully fabricated by tape casting and lamination. Rheological characterization of the different slurries permitted the optimization of the organic additives for an adequate fabrication of the laminates. The 
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Particle size (microns) 65% 60% 50% Fig. 3 Hg porosimetry experiments showing the pore size distribution as a function of the relative intruded samples for the three studied samples measured flexural strength of the reduced cermet was 468± 37 MPa, being this value suitable for an anode-supported fuel cell. NiO-YSZ laminates of different composition were calendered in order to obtain graded cermets. It was found that the optimal degree of thickness reduction is about 65 %. The resulting cermets present a homogeneous distribution of YSZ, Ni, and pores as confirmed by SEM analysis, Hg porosimetry, and electrical conductivity measurements. The 65 % sample showed a total porosity of 18.7 % (in vol%) and a bimodal pore size distribution centered in 20 and 150 nm. Finally, the measured electrical resistivity of the cermet is 120± 12 μΩ cm. Graded anodes produced by tape casting and lamination, using a combination of binders which resulted in plastic deformation at room temperature, is described as an inexpensive and versatile method for the fabrication of anodesupported SOFCs.
